• The sweet potato slices are forced convection dried by hot air in tunnel dryer • The drying models are investigated at different conditions • The effective diffusivities and activation energy are estimated
In order to investigate the transfer characteristics of the sweet potato drying process, a laboratory convective hot air dryer was applied to study the effects of drying temperature, hot air velocity and thickness of sweet potato slice on the drying process. The experimental data of moisture ratio of sweet potato slices were fitted with mathematical models, and the effective diffusion coefficients were calculated. The results showed that temperature, velocity and thickness influenced the drying process significantly. The Logarithmic Model showed the best fit to experimental drying data for temperature and the Wang and Singh model was found to be the most satisfactory for velocity and thickness. It was also found that, with the increase of temperature from 60 to 80 °C, the effective moisture diffusion coefficient varied from 2.962×10 -10 to 4.694×10 Keywords: sweet potato, hot air drying, models, effective diffusion coefficient, activation energy.
Sweet potato (Ipomoea batatas Lam.) is grown throughout the tropics and subtropics. The major producers include China, Indonesia, Nigeria, Uganda and Viet Nam. Sweet potatoes are excellent sources of vitamin A and C, and starch. Moreover, they are high in energy and dietary fiber, low in fat, and are important sources of beta-carotene [1] . Fresh sweet potatoes are highly perishable due to their high moisture content and the seasonal nature of their production, so in some countries they are processed into various products by drying.
Drying is probably the oldest and the most important method of food preservation practiced by humans. Development of drying technologies has been important for food and agro-products, especially over the past two decades [2] . Dehydration improves food stability, since it can considerably reduce the water content and microbiological activity of the material, as well as minimize physical and chemical changes during its storage [3] , reduce spoilage, increase shelf life, reduce the product's mass and give added value as it is without chemical treatments.
The most important aspect of drying technology is the mathematical model of the drying processes and equipment [4] . Knowledge of the drying kinetics of biological materials is essential to the design, optimization and control of drying process [5] . The principle of modeling is based on having a set of mathematical equations that can adequately charac-terize the system. In particular, the solution of these equations must allow prediction of the process parameters as a function of time at any point in the dryer based only on the initial conditions [6] . Many mathematical models have proposed to describe the drying process, of them, thin-layer drying models have been widely in use [7] . Recently, there have been many studies on the mathematical modeling and experimental studies of the drying characteristics of various vegetables and fruits, such as parsley leaves [4] , organic tomato [5] , bay leaves [6] , golden apples [8] , banana [9] , berberis [10] , Asian white radish [11] , pea [12] , grape [13] and tomato [14] . There are a limited number of reported studies on drying kinetics of sweet potato. Diamante and Munro [15] studied the effect of air temperature, velocity and humidity and slice thickness of sweet potato slices. They reported that the modified Page model best described the drying behaviour of sweet potato. Singh et al. [16] studied the effect of air temperature and pretreatments (potassium metabisulphite and citric acid solutions) on drying kinetics of sweet potato slices. They found that the drying process took place in the falling rate period and the Page model was found to describe well the drying characteristics. Doymaz [17] studied the effective moisture diffusivity and activation energy of sweet potato in thin-layer drying at different temperature using a cabinet dryer. However, no studies on effective moisture diffusivity of sweet potato in thin-layer convection drying at different hot air velocities and thicknesses of sweet potato slices have yet been reported.
The aim of this study was to investigate the effect of drying temperature, velocity and thickness on the drying time during hot air forced convection drying in tunnel dryer. Furthermore, the drying kinetics were also investigated. A semi-theoretical model was developed to describe the drying kinetics of the samples through fitting the experimental data to six mathematical models available in the literature. The effective moisture diffusivities and activation energy of the sweet potato slices samples were estimated from Fick's second law and the Arrhenius equation.
MATERIALS AND METHODS

Material
Sweet potatoes were purchased from a local farmer markets, in Hangzhou, China. The samples were stored in a refrigerator at 4 °C until used. The sweet potatoes were washed with tap water, peeled and sliced manually (30×20×2 mm 3 , 30×20×3 mm 3 , and 30×20×4 mm 3 ). The average initial moisture content of the samples was found as 4.57±0.15 kg water kg -1 dry matter.
Experimental apparatus
A digital experiment drying tunnel (model DG100D, Zhejiang science instrument control equipment Co., LTD., China) was used for the drying experiment. The line diagram of the instrumentation is shown in Figure 1 . Tunnel dryer basically consists of a centrifugal fan to supply the air-flow, an electric heater and an electronic proportional controller, which controls the hot air temperature and velocity, and shows the mass of drying material. Air volume flow was regulated by valve, air velocity equal to the air flow divided by drying chamber circulation area. The air passed through the heating unit and was heated to the desired temperature and channeled to the drying tunnel. The air temperature was controlled by means of a proportional controller. The flow cross-sectional area of tunnel is 18 cm×18 cm, the hot air flowed horizontal through the tray with holes and superficial area of 10 cm×10 cm. The accuracy of the temperature control system was 0.1 °C, accuracy of the weight control system was 0.1 g, and that of the air volume flow control system was 0.1 m 3 h -1 . After drying using equipment above, the material was further dried using an electrical thermostatic drum wind drying oven (model DHG-9123A, Shanghai Jinghong laboratory equipment Co., LTD., China). The initial mass, drying mass and oven-dry mass were determined with precise analytical balance (Model BS124S, Beijing Sartorius instrument system Co., LTD., China). The thickness of sweet potato slices was measured by ruler and the accuracy was 0.0002 m. Figure 1 . Schematic diagram of drying system. 1) draught fan; 2) pipeline; 3) air intake; 4) heater; 5) tunnel dryer; 6) airflow uniform device; 7) weighing sensor; 8) material tray; 9) sight glass door; 10, 11, 12) butterfly valves; 13) pressure sensor; 14) dry bulb temperature sensor; 15) wet bulb temperature sensor.
Experimental procedure
The experiments were performed at drying temperatures ranging from 60 to 80 °C, in 5 °C increments, air velocity ranging from 0.423 to 1.120 m s -1 , the thickness of sweet potato slice ranging from 0.002 to 0.004 m, and relative humidity 10-15%. The relative humidity was determined using wet and dry bulb temperatures of drying air obtained from the existing chart. The temperature and air velocity of drying were set till stabilizing. The mass of sweet potato slice was weighed and 20.5±0.5 g mass of sample was utilized in each experiment. The sample was loaded evenly in drying tray which covered the whole drying area as a thin-layer. The drying tray was put into tunnel dryer. The drying time and mass of the material were recorded. The test was stopped once the mass was invariable. Afterwards, the drying tray was taken out from drying tunnel, put into the oven and dried till a constant mass at 105 °C. The oven-dry mass of sweet potato slice was obtained. All the drying experiments were conducted in triplicate and the average of the moisture content at each value was used for drawing the drying curves.
Mathematical modeling of drying curves
The moisture content of drying sample at time t can be transformed to be moisture ratio (MR):
where X t , m t and m g are the moisture content at any time (kg water kg -1 dry matter), weight of sample at any time (kg) and absolute dried weight of sample (kg) respectively; MR, X 0 and X * are moisture ratio (dimensionless), initial moisture content (kg water kg -1 dry matter) and equilibrium moisture content (kg water kg -1 dry matter), respectively. The drying rate (DR) of sweet potato slices was calculated using Eq. (3):
where DR is the drying rate (kg water kg -1 dry matter s -1 ), X t+dt is the moisture content at t + dt (kg water kg -1 dry matter), t is time (s), dt is time increment (s).
The drying data obtained were fitted to six thinlayer drying models detailed in Table 1 using the nonlinear least squares regression analysis. Regression analysis was performed using DataFit software (Oakdale Engineering). The coefficient of determination (R 2 ) was the primary criterion for selecting the best equation to describe the drying curve. In addition, the reduced chi square (χ 2 ) as the mean square of the deviations between the experimental and predicted values for the models and the root mean square error analysis (RMSE) and the mean relative percent error (P) were used to determine the goodness of fit. The higher the values of R 2 , the lower were the values of χ 2 and RMSE and P, and hence was better goodness of fit [6, 8, 13, [18] [19] [20] . These parameters can be calculated as follows:
where MR exp,i is the experimental moisture ratio; MR pre,i is the predicted moisture ratio; N is the number of observations; z is the number of constants. Table 1 . Thin-layer drying models applied to the sweet potato slices drying curves Fick's second law of diffusion equation was used to fit the experimental drying data for the determination of effective moisture diffusivity coefficients.
The solution of diffusion (Eq. (7)) for slab geometry is solved by Crank [21] and supposed uniform initial moisture distribution, negligible external resistance, constant diffusivity and negligible shrinkage: 
The slope is determined by plotting ln (MR) against time according to Eq. (9):
Computation of activation energy
The dependence of the effective moisture diffusivity on the temperature is generally described by the Arrhenius equation (Eq. (11)) [25] :
where D 0 is the pre-exponential factor of Arrhenius equation in m 2 s -1 , E a is the activation energy in kJ mol -1 , R is the universal gas constant in kJ mol
and T is hot air temperature in °C.
RESULTS AND DISCUSSION
Drying characteristics
The variation of moisture ratio with drying time at hot air temperatures of 60, 65, 70, 75 and 80 °C for sweet potato sliced to 0.002 m thickness and at 0.946 m s -1 air velocity are shown in Figure 2 . An increase in drying air temperature resulted in a decrease in the drying time. Drying rate was estimated based on Eq. (3) and its changes with drying time are as shown in Figure 3 . An important influence of air drying temperature on drying rate could be observed in the curves. It shows that drying rate decreases continuously with increase in time. There is almost no constant rate of drying period in these curves and the entire drying process occurred in the falling-rate period. These results are in good agreement with the earlier observations of various products [11, 16, 18, 19, 25, 26] . Moisture removal inside sweet potato slices at 80 °C was higher and faster than at the other investigated temperatures during the time of investigation as the migration to the surface of the moisture and evaporation rate from the surface to air decrease with decrease of the moisture in the product and thus the drying rate clearly decreases. Shorter time of drying was observed at a higher temperature thus increased drying rate. This increase is because of the increased heat transfer potential between the air and the sweet potato slices, which favors the evaporation of water from the sweet potato slices. Similar observations have earlier been reported in the literature [4, 11, 25] . Figure 4 shows the characteristics drying curves at 70 °C temperature for sweet potato sliced to 0.002 mm thickness and at 0.423, 0.598, 0.733, 0.946 and 1.120 m s -1 air velocity. Figure 5 shows the changes in drying rate as a function of drying time at the same air velocity. It is clear that the moisture content and drying rate decrease continuously with drying time. As shown in Figure 5 , there was also no constant drying rate period, and the entire drying process occurred in the falling-rate period. The results were generally in agreement with some of the literature on the drying of various food products [27, 28] .
Moisture removal at 1.120 m s -1 was higher and faster than at the other investigated air velocities. Shorter time of drying was observed at higher air velocity, i.e., increased drying rate. This increase is due to the increased convective heat-transfer coefficient and quality transmission coefficient between the air and the sweet potato slices, which favors the evaporation of water from the sweet potato slices. The influence of the drying air velocity is significant at the beginning of the process, implying that the evaporation initially takes place at the surface, being therefore more directly affected by air velocity. The initial surface evaporation is gradually replaced by an evaporation front that recedes to the interior of the solid. The predominance of air velocity is therefore succeeded by the moisture diffusion process, which becomes the most important factor. The results were generally in agreement with some of the literature on the drying of various food products [27] . Figure 6 shows the characteristics drying curves at 70 °C temperature and 0.946 m s -1 air velocity for 0.002, 0.003 and 0.004 mm thickness. Figure 7 shows the changes in drying rate as a function of drying time at the same thickness. The similarly air velocity results are observed. The results were generally in agreement with some of the literature on the drying of various food products [23, 24, 29, 30] .
Moisture removal at 0.002 m thickness was higher and faster than the other investigated thickness. Shorter time of drying was observed at a thinner thickness thus increased drying rate. This increase is because of the decreased quality transmission resistance of sweet potato slice, which favors the migration of water from the inside to the surface transmission from the sweet potato slices.
Fitting of drying curves
The drying data obtained from the experiments were fitted by six thin-layer drying models mentioned in Table 1 . Non-linear regression analysis was used to estimate the parameters of those six models. The model equations and the statistical results from models for temperature, air velocity and thickness are summarized in Tables 2-4 increasing drying temperature and increasing air velocity and increasing thickness, respectively. When samples were dried at higher temperature, increased heating energy would increase the activity of water molecules leading to higher moisture diffusivity (24] . The effective moisture diffusivity relates to moisture concentration except temperature, when samples were dried at higher air velocity, would increase the quality transmission coefficient leading to higher quality transmission rate, the moisture concentration of material surface was accelerated to reduce, the inner moisture of material was promoted to diffuse form inside to outside, and so the D eff was increased.
When samples were dried at thinner thickness of sweet potato slice, would decrease the quality transmission resistance leading to higher quality trans- (27] and carrot (29] . The double sample variance and mean t test was carried between the D eff of temperature and thickness, the |t| = 2.261 < t 0.05 (6) = 2.447, so there is no significant difference between the two average values of D eff .
Activation energy
A plot of ln D eff against 1/T gave a straight line (R 2 = 0.9870), which is shown in Figure 8 . The slope (-E a /R) of the straight line was obtained and by using the Arrhenius relationship, the activation energy was found to be 23.29 kJ mol -1 . The value is similar to those proposed in the literature for different fruits and vegetables drying (16.49-20.26 kJ/mol in Asian white radish (11] ; 22.48 kJ/mol in green pea (12] ). 
CONCLUSIONS
The effects of drying temperature and hot air velocity and thickness of sweet potato slice on drying characteristics of sweet potato slices were investigated in a forced convective tunnel dryer. Drying occurred in the falling rate period and no constant rate of period of drying was observed. The drying behavior of sweet potato slices was explained by applying six thin layer drying models and goodness of fit was determined using R 2 
TOPLIM VAZDUHOM
Karakteristike prenosa mase pri sušenju kriški slatkog krompira ispitivane su u laboratorijskoj konvektivnoj sušari. Ispitivan je uticaj temperature sušenja, brzine strujanja toplog vazduha i debljine kriški slatkog krompira na process sušenja. Eksperimentalni podaci o sadržaju vlage kriški slatkog krompira iskorišćeni su za proveru matematičkih modela i izračunavanje vrednosti efektivnog koeficijenta difuzije. Dobijeni rezultati pokazuju da temperatura, brzina strujanja i debljina kriški utiču značajno na process sušenja. Logaritamski model najbolje fituje eksperimentalne podatke u funkciji temperature, a Wang--Singh model u funkciji brzine strujanja i debljine kriški. Utvrđeno je, takođe, da u opsegu temperature od 60 do 80 °C efektivni koeficijent difuzije vlage varira od 2,962×10 Ključne reči: slatki krompir, sušenje toplim vazduhom, efektivni koeficijent difuzije, energija aktivacije.
